Exposure assessment is a critical point for epidemiological studies on pesticide health effects. PESTEXPO study provides data on levels of exposure and their determinants in real conditions of pesticide use. We described levels of exposure in vineyards during treatment tasks (mixing, spraying and cleaning) and we analysed their determinants. Sixty-seven operators using dithiocarbamates or folpet were observed. Detailed information on the tasks (general conditions, operator, farm and equipment characteristics) were collected and dermal contamination was measured, using patches placed onto the skin on eleven body parts, and washing the hands at the end of each phase. The spraying phase represented roughly half of the contamination, whereas mixing and equipment cleaning accounted for 30% and 20% of the contamination, respectively. The main determinants of exposure were the number of phases, the characteristics of the equipment, the educational level of the operator and his status (farm -worker or -owner) and the general characteristics of the vines. Algorithms were built to estimate daily external contamination, according to these characteristics during mixing, spraying or equipment cleaning. With additional information of frequency and duration of use, they will enable to develop exposure indices usable in epidemiological studies on farmers' health.
INTRODUCTION
In the recent decades, numerous toxicological and epidemiological studies have suggested adverse health effects of long-term pesticide exposure, such as cancers, 1,2 neurological diseases 3,4 and reproductive disorders. 5 However, few definitive conclusions have been reached to date, mainly because exposure assessment remains a critical point. In epidemiological studies, limitations in exposure assessment may lead to not detecting associations or underestimating their strength. 6, 7 Moreover, knowledge of exposure in real conditions of use is crucial for the risk management and exposure reduction.
Early epidemiological studies used qualitative exposure parameters (farmers vs non-farmers, exposed vs non-exposed); but more recent approach used quantified pesticide exposure by using lifelong cumulated indices or scores. 8--12 These quantitative approaches are generally based on the determination of the duration, frequency, probability and intensity of pesticide exposure.
Regarding the generic use of pesticides without distinguishing specific active ingredients, the duration, frequency and probability of use may be considered as being reliably collected from job calendars, in which subjects report the years when they started and stopped pesticide treatments and the number of days they used the chemicals during a treatment season. Intensity of exposure, which is crucial for dose-response effect analysis, has proved to be more complex to determine, as it depends on a range of parameters such as the type of tasks performed (mixing, spraying, equipment cleaning), the characteristics of the equipment and the techniques, the pesticide formulation and personal habits including the wearing of personal protective equipment.
Even though industrial companies have generated data in this area for registration purposes through predictive models, there is little independent and open-access documentation concerning the levels of pesticide exposure in farmers in real conditions of use and little is known about the parameters determining these levels. In the Agricultural Health Study (AHS), intensity of exposure was determined with the help of algorithms based on selfreported information on conditions of pesticide use combined with data from the literature on pesticide monitoring. 13 These algorithms were subsequently used for comparison with field data 14--16 and were also reinforced by generating field data with measurements of contamination levels in a sample from the AHS participants. 17--19 The PESTEXPO field study aims at providing data on levels of exposure and their determinants in the two main French agricultural settings: open field 20 and vineyards. 21 Our previous paper presented results of dermal contamination during 37 treatment observations with dithiocarbamates in vineyards. 21 We present here additional results on levels of exposure in vineyards including 30 more observations on Folpet (i.e., a total of 67 observations) and the analysis of the determinants of exposure on the whole set of observations for operators involved in treatment tasks in vineyards.
METHODS Population
Before the 2001, 2002 and 2003 vineyard-treatment seasons (May to August), volunteers were recruited among vine-workers in the Bordeaux area. They were identified with the help of local agricultural bodies (Chambre d'Agriculture, Institut Technique de la Vigne et du Vin), agricultural cooperatives, the local branch of the French health and welfare department for agricultural workers (Mutualité Sociale Agricole) and the area phone directory. Volunteers were eligible if they reported the potential use of dithiocarbamates (2001 and 2002) or folpet (2003) in the current season and consented to the study modalities: (i) observation of their tasks (mixing, spraying, equipment cleaning) by a field staff member during the course of one treatment day, under the usual working practices, with a record of detailed day-long information on a structured form; (ii) dermal contamination measurements with patches and hand-washing.
Pesticide Exposure Assessment
Dithiocarbamates (mancozeb, maneb, metiram-zinc and propineb) and folpet are fungicides representative of pesticides used in vineyards in the recent decades. They have been used to fight against mildew, black-rot and excoriosis, since the early 1960s. They are generally formulated in powder or granules, and after dilution sprayed at a mean dose of 2 to 3 kg/ha.
We followed the recommendations of the Organization for Economic Cooperation and Development (OECD, 1997) for field studies. Details of the methods have been published elsewhere. 21 Briefly, hand washing with 500 (folpet) or 750 (dithiocarbamates) ml of water was performed to collect pesticides contaminating the hands. Eleven dermal patches made with 10 Â 10 cm layers of surgical cotton gauze and backed with an aluminium foil were placed on the operator's chest, back, upper arms, forearms, thighs, lower legs and on the cap. Patches were applied directly on the skin, beneath regular clothing and personal protective equipment if any. They were worn during a whole phase (mixing or spraying or cleaning) and changed at the end for a new one. Dermal contamination was determined for each body part by multiplying the contamination of one patch by the surface area of the part. For equipment cleaning, the protocol was simplified to make it more acceptable at the end of the working day. Only three patches were applied: two on the forearms and one on the head.
We considered (i) dermal contamination during a given phase of one task (mixing, spraying and equipment cleaning), (ii) dermal contamination during one task by adding the various phases for one task, and (iii) daily dermal exposure by adding the tasks in the course of the day. The determination of dithiocarbamates was performed indirectly by measuring their degradation product, carbon disulphide (CS2), with a gas chromatography--mass spectrometer sampler, as described previously. 21 Folpet was analysed by gas chromatography with electron capture detector.
Potential Determinants of Exposure
The potential determinants of exposure were generated from data collected on the forms during field observations. They were classified in two groups: those that did not change in the course of the day (hereafter named ''day-level variables''), and those that were dependent on a specific phase (''phase-level variables''), as summarized in Figure 1 .
Day-level variables. These variables concerned the characteristics of (i) the general conditions of the treatment, (ii) the operator, (iii) the farm, (iv) the equipment (Figure 1 ). Variables related to the operator and the farm were assumed potentially to influence all the tasks (mixing, spraying and cleaning) as they were supposed to determine individual practices and/or work organization. For instance, total years in pesticide treatment could be a priori considered to lead to lower contamination, because of experience gained over the years, and size of the farm could lead to lower exposure, because of better work organization and prevention in large farms. The general configuration of the equipment (type of tractor, sprayer type and its carriage, cabin, tank volume, age of equipment) was also globally assumed potentially to influence the three tasks, as these parameters are associated with the probability of contact with contaminated surfaces during mixing, spraying and cleaning. For instance, workers frequently climb onto the wheels when filling the tank of a trailed tractor or when cleaning its inside, whereas they use a ladder to reach the top of a straddling tractor to monitor the filling.
Phase-level variables. These variables were more specifically related to the different treatment tasks: mixing, spraying and cleaning ( Figure 1 ). For these variables, several values were recorded during the day, according to each mixing, spraying or cleaning phase. Thus the analysis of the association with the contamination was performed by considering each phase as a separate entity. Figure 1 . Levels of dermal contamination during a day of work and variables hypothesized to influence contamination at each level.
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Statistical Analysis
As several active ingredients were used in the three observation periods (various dithiocarbamates and folpet), we expressed contamination in a generic way, independently from the chemical characteristics and from the concentration of the substances. Thus, the contamination was calculated in quantity of the commercial product (in mg) during the mixing phases (when pesticide was still not diluted and still present as a solid or liquid formulation) and in volume of mixture (in ml) during spraying and cleaning phases (pesticide was then diluted in water in the tank). At mixing, the quantity of commercial product (in mg) was obtained by dividing the dermal contamination in dithiocarbamates or folpet (in mg) by the active ingredient concentration of the commercial product (in mg/mg). At spraying, the quantity of mixture (in ml) was obtained by dividing the dermal contamination in dithiocarbamates or folpet (in mg) by the active ingredient concentration of the mixture (in mg/ml). As they were not normally distributed, the contamination values (mg or ml) were log-transformed (natural logarithm) for statistical analysis. Qualitative variables were categorized in two classes according to the median of the values. We first described the distribution of the values of contamination for each task. Univariate analysis consisted in comparisons of the mean contamination between classes of dichotomous variables. We analysed the effect of the day-level variables on the daily contamination for each task and the effect of phase-level variables on the contamination during a single phase. The most relevant parameters were then selected from univariate analysis, not only on the basis of the P-value (Po0.20), of the correlations between the parameters themselves, but also on the possibility of collecting the variables in epidemiological studies. The last step consisted of using multivariate models to calculate the weight associated to each relevant parameter and for each task separately. STATA statistical software was used for analysis (version 8.0; StataCorp L.P., College Station, TX, USA).
RESULTS
Sixty-seven days of work were observed, during the 2001 to 2003 treatment seasons, in 33 different farms of the Bordeaux area. Thirty-seven observations concerned a treatment by a dithiocarbamate and 30 concerned folpet. Some operators participated in several of the three spraying seasons of the study, and thus the study actually involved 45 different individuals. Dithiocarbamates were predominantly used on excoriosis, a fungal disease causing damage to the vine shoots, and which requires treatment at the very beginning of the spring. Folpet was mainly used on midew and black-rot, fungi which damage the grapes and need to be treated repeatedly during the summer season.
Sixty-six operators sprayed the vines during the observation day and one was solely devoted to mixing the mixture for other operators. Fifty-five operators involved in spraying also performed mixing, and 40 were observed during equipment cleaning at the end of the day. As a work day included up to 4 mixing or spraying operations, a total of 252 different phases were observed: 92 mixing, 120 spraying and 40 cleaning phases.
Analysis of Daily Contamination
During one day of work, the median of the dermal contamination was 14.15 mg of formulation at mixing (Interquartile range 25 e -75 e percentile (IQR): 3.10--42.52), 0.98 ml of mixture at spraying (IQR: 0.24--1.98) and 0.37 ml of mixture at equipment cleaning (IQR: 0.12--1.61). This means that for a pesticide that is 50% concentrated in the formulation and diluted at a dose of 10 g of active ingredient per liter in the mixture, the daily median dermal contamination was 20.575 mg (7.075 mg at mixing, 9.8 mg at spraying and 3.7 mg at equipment cleaning). For dithiocarbamates and folpet, the mean concentrations were 50.9% (min: 13.3%, max: 80%) and 30.2% (min: 25%, max: 50%), respectively in the commercial product, and 14.5 g/l (min: 1.4, max: 37.5 g/l) and 9.4 g/l (min: 4.2, max: 26.7 g/l) in the mixture. Then, the medians of the daily contamination, we measured, were 40.5 mg (IQR:8.9--71.0) for dithiocarbamates and 9.6 mg (IQR:2.4--16.0) for folpet.
Longer days of work (treatment operations lasting 44 h) were associated with the higher median levels of contamination at mixing and spraying (Table 1) . The contamination for each task was closely associated to the number of mixing phases (P ¼ 0.0002) and spraying phases (P ¼ 0.04). On warmer days, higher contaminations were observed but the associations were not statistically significant. Some characteristics of the operators tended to increase the level of contamination at mixing, spraying or cleaning: being a farmworker (vs a farm-owner), having a lower educational level or a longer experience in pesticide treatment and reporting feeling exposed. The association between low educational level and the level of contamination at spraying was statistically significant. Higher levels at spraying were observed in farms located in one of the areas (Entre Deux Mers), in farms employing five workers or fewer, when the surface planted with vines was o30 Ha, and when rows were wider apart than 2 m. The total area of the farm was not associated with the contamination. Operators using between-row tractors with rear-mounted sprayers experienced higher levels of contamination during mixing, spraying and equipment cleaning. Between-row tractors with trailed sprayers were associated with the lowest contaminations. Larger tanks and tractors with four-sided closed cabins tended to be associated with lower contamination at spraying. Cleaning pneumatic sprayers appeared to result in less dermal contamination than cleaning other sprayers.
Analysis of Phase Contamination
Mixing phases. During a single mixing phase, the median dermal contamination was 6.66 mg of formulation (IQR: 2.17--19.64). The minimal value was 0.26 mg and the maximal value was 705.69 mg.
The rank of the phase in the day was the parameter most associated with dermal contamination: the first mixing phase was less contaminant than the following ones (Table 2) . Wearing gloves tended to decrease the contamination, even if not significant (P ¼ 0.12). The median of the hands contamination was 5.00 mg (IQR: 1.14--11.36 mg) in operators without gloves and 0.71 mg (IQR: 0.16--2.36 mg) in operators with gloves, yet hands only represented 10.8% (IQR: 4.0--15.9%) of the total dermal contamination. There was also a non-significant positive trend between the quantity of active ingredient mixed during the phase and the dermal contamination (P ¼ 0.20). Duration of the phase, volume mixed, place of the operation (outside or inside), formulation of the pesticides (powders or granules/liquids), wearing a coverall or a mask and occurrence of a hitch were not associated with contamination.
Spraying phases. A median contamination of 0.47 ml of mixture (IQR: 0.15--1.11) was observed during one spraying phase. The minimal value was 0.012 ml and the maximal value 43.66 ml. The first spraying phase of the day was associated with a lower median contamination than the following ones, but the difference was not statistically significant (Table 3) .
The median of contamination was significantly influenced by some equipment characteristics: it was higher when the seat of the operator was o3 m from the nozzles or 41.5 m from the floor. The cabin and the sprayer type (pneumatic or not) did not have a major role. Larger spaces between rows were significantly associated with higher contamination, although no influence of the vine height was observed. Getting out of the cabin (P ¼ 0.006) was significantly associated to a higher contamination. Having to spray on 43 different fields during the phase (P ¼ 0.12) and driving the tractor faster than 5 km/h (P ¼ 0.12) tended to increase the contamination. There was no association between the contamination and the phase duration, the surface treated during the phase or the number of half-turns the operator had to make. None of the protective equipment worn (coverall, gloves, mask) significantly decreased the dermal contamination of the operator. The median of the hands contamination was 0.11 ml (IQR: 0.01--0.26 ml) in operators without gloves and 0.01 ml (IQR: 0.003--0.20 ml) in operators with gloves, yet hands only represented 7.2% (IQR: 3.4--17.1%) of the total dermal contamination and only eight operators wore gloves at spraying.
Cleaning phases. A median contamination of 0.37 ml of mixture (IQR: 0.12--1.61) was observed during equipment cleaning. The minimal value was 0.007 ml and the maximal 25.81 ml. Contamination during the cleaning phase was higher for subjects with low educational level (P ¼ 0.13) and between-row tractors with rear-mounted sprayers (P ¼ 0.02) ( Table 4) . Pneumatic sprayers were associated with lower contamination than the others (P ¼ 0.07). The median of the hand contamination was 0.04 ml (IQR: 0.008--0.28 ml) in operators without gloves and 0.02 ml (IQR: 0.005--0.03 ml) in operators with gloves.
Modelling contamination during mixing, spraying and cleaning tasks. Table 5 presents the variables associated with contamination in univariate analysis (Po0. 20) , and that could be collected in epidemiological studies. Variables closely associated with these variables but not retained in multivariate analysis are also mentioned in the last column, as they could eventually be used as surrogates in epidemiological studies.
Results of the multivariate linear regression are presented in Table 6 . According to the multivariate models, equations for the calculation of external contamination for each task are presented below: (in ml) mixture; CONTACLEAN ¼ daily dermal contamination at cleaning (in ml) mixture; NMIX ¼ number of mixing phases during the day (41 vs 1); NAPPLI ¼ number of spraying phases during the day (41 vs 1); EDUCATION ¼ educational level (high level vs low level); TRACTOR1 ¼ between-row þ trailed sprayer vs straddling tractor; TRACTOR2 ¼ between-rows þ rear-mounted sprayer vs straddling tractor; SPRAYER ¼ pneumatic sprayer vs others; SPACE ¼ space between rows (4200 cm vs r200 cm); GLOVE-MIX ¼ gloves at mixing yes vs no; GLOVECLEAN ¼ gloves at equipment cleaning yes vs no; CABIN ¼ 4-side closed vs not; STATUS ¼ worker vs farm-owner. These models explained, respectively, 37% of contamination at mixing, 47% at spraying and 38% at cleaning. To assess the daily contamination, the three algorithms must be combined after conversion of the values into quantities of active ingredients, using additional information or assumptions on the concentrations of the formulations and mixtures.
DISCUSSION
The field measurements performed in PESTEXPO study made it possible (1) to obtain generic values for pesticide dermal contamination in workers during treatment tasks in vineyards mixing, spraying, equipment cleaning, and (2) to identify determinants of exposure, explaining variations between individuals. The relative contribution of each task to the daily contamination differed between observations. However, considering a 50% concentrated formulation and a 10 g/l mixture, the spraying phase represented roughly half of the contamination, even if it is the longest one during a workday, whereas mixing and equipment cleaning accounted, respectively, for 30% and 20% of the contamination. Identification of the relevant parameters associated with contamination during each task allowed us to build algorithms for estimating dermal pesticide exposure during one day of treatment in vineyards. The main determinants identified were the number of phases the task contained during the day, the characteristics of the equipment (tractor and sprayer), the educational level of the operator (associated with experience in treatment operations and with the number of times the operator got out of the cabin during spraying) and his status (farm worker or farm owner) and the global characteristics of the vines (summarized in our analysis by the space between rows). Gloves at mixing and cleaning, and cabin during spraying, were associated with a lower contamination, but this protective equipment explained only a limited part of the level of contamination. This result has been reinforced by permeation tests performed on coveralls registered in France for agricultural use. These tests have shown their low efficiency and 8 out of the 10 tested coveralls revealed not complying with European norms. 22 Other factors previously used in epidemiological studies to determine class of exposure did not appear to be associated with contamination. In our analyses, this was the case for area treated and for duration of phase.
Our study faces some limitations. Cleaning phases were observed only in a limited number of operators and the contamination was measured with less detail than in other tasks (only on hands, forearm and head). Then, it is likely that cleaning explains actually a larger part of the contamination than we showed in the present study. Moreover, even if we considered a large range of variables, the algorithms we proposed only explained 37--47% of the contamination. Thus, there is a need for additional studies to further investigate determinants in a variety of settings.
Our algorithms could be used in epidemiological studies to classify vine-workers with regard to their occupational pesticide exposure. Indeed, the necessary parameters can be obtained by interviews with farmers and by questionnaires on treatment practices and equipment. Previous studies have demonstrated that farmers can indeed provide much reliable detail regarding their treatment practices. 23, 24 The first attempt to develop methods for quantifying exposure to pesticides for use in epidemiological studies was made in Dutch bulb farmers in the early 1990s. 25 An exposure index was proposed, based on generic values of exposure derived from databases and field studies and taking into account farm-related parameters such as acreage and number of pesticide applications. In the early 2000s, a Canadian study attempted to identify factors likely to affect exposure under actual field conditions in crossing urinary levels of herbicide metabolites and information on pesticide use and handling practices.
14 However, inconsistencies between the two herbicides under study led to the conclusion that additional investigations were warranted. Subsequently, algorithms were proposed to assess the levels of exposure in farmers involved in the Agricultural Health Study. 13 They assigned weights to variables in their algorithm from published literature and from the Pesticide Handlers Exposure Database---a base for pesticide registration. 26 They validated and corrected their algorithms from field studies, comparable to those in the PESTEXPO study. 18, 19 Their algorithms are not strictly comparable to ours as they concern a larger range of application techniques (boom on tractor, backpack, handspray, airblast, mist blower and so on) because of the variety of crops and equipment under study in the AHS, but they went into lesser detail concerning determinants of exposure for a given task or crop. In the numerous epidemiological analyses of the AHS cohort, the scores used integrated the lifetime days of use of pesticides to obtain an intensity-weighted exposure metric. The authors have recently demonstrated that although misclassifications cannot be completely ruled out, using such algorithms with several determinants leads to better exposure estimates than some specific individual determinants like number of acres treated or kilogram of active ingredient used. This would result in less attenuation of relative risks. 6 Assessment of the intensity of pesticide exposure has also been proposed in some job-exposure matrices, and is generally based on expert assessment. 27, 28 Our algorithms are not chemical-specific, so we expressed our results generically (mg of formulation and ml of mixture). It is thus possible to convert the values into quantities of active ingredient, from a given concentration of the formulation and of the mixture. Indeed, external contamination is not supposed to depend on the active ingredient, as the deposition is not impacted by the chemical structure but rather by the conditions of use. However, when calculating a cumulative index, other factors, such as probability and frequency of use, that are specific to each active ingredient should be taken into account. If the internal dose needs to be considered, for example, for toxicological purposes, one must also consider biological factors that influence the internal dose such as the permeability of the skin, and toxicokinetic parameters such as metabolism, which are important but generally not available in epidemiological studies.
Studies that intend to use the algorithm should be designed to capture relevant information on mixing, spraying and equipment cleaning. Our results should encourage researchers to refine future questionnaires on pesticide exposure so that they integrate relevant questions about individuals, equipment, and crop characteristics.
We think our algorithms are a contribution to progress in pesticide exposure assessment. This should enable better evaluation of the relationship with diseases based on a better classification of individuals. Such work is ongoing in open-field farming in France and will soon provide additional algorithms for application of pesticides on cereals in France. It is planned to use these tools in two French agricultural cohorts exploring cancer and neurological outcome (PHYTONER, AGRICAN). 
